In this paper the first-principles generalized pseudopotential theory ͑GPT͒ of transition-metal interatomic potentials ͓J. A. Moriarty, Phys. Rev. B 38, 3199 ͑1988͔͒ is extended to AB binary compounds and alloys. For general transition-metal ͑TM͒ systems, the GPT total-energy functional involves a volume term, central-force pair potentials, and angular-force multi-ion potentials, which are both volume (⍀) and concentration (x) dependent and include all sp, sp-d, and d-d interactions within local density-functional quantum mechanics. The formalism is developed here in detail for intermetallic systems where A is a simple metal and B is a transition metal and applied to the prominent special case of the transition-metal aluminides TM x Al 1Ϫx , where sp-d hybridization is especially important. Emphasis is given to the aluminum-rich 3d binary systems for xϽ0.30, which appear to be well described at the pair-potential level without angular forces and for which the present GPT potentials can be used directly in atomistic simulations. Volume terms and pair potentials for all of the 3d aluminides have been calculated and their behavior with atomic number, ⍀, and x is elaborated through illustrative applications to the cohesive and structural trends across the 3d series. More extensive applications to the Co-Al and Ni-Al phase diagrams will be given elsewhere. ͓S0163-1829͑97͒03938-6͔
I. INTRODUCTION
For sp-bonded compounds and alloys, the fundamental theory of bulk interatomic potentials has been well developed from rigorous plane-wave pseudopotential expansions and successfully applied to obtain both solid and liquid properties, including the structural phase diagrams of simplemetal intermetallic systems.
1 A corresponding first-principles theory for d-and sp-d-bonded transition-metal intermetallics has heretofore been lacking, although there have been encouraging successes with simplified semiempirical approaches, especially for the structurally complex transitionmetal ͑TM͒ aluminides. 2, 3 In addition, a number of important aspects of structural phase stability in TM aluminide compounds and alloys have been illuminated recently via ab initio electronic-structure calculations [4] [5] [6] [7] [8] within the localdensity approximation ͑LDA͒ of density-functional theory. 9 At the same time, the essential groundwork has been laid for an ab initio approach to interatomic potentials in TM intermetallics with the development of generalized pseudopotential theory ͑GPT͒, which provides a fundamental basis for such potentials in elemental simple and transition metals within the same LDA framework. [10] [11] [12] The purpose of this paper is to extend the GPT to AB binary transition-metal systems, with an emphasis on obtaining first-principles interatomic potentials for the TM aluminides.
In the GPT a mixed basis set of plane waves and localized d states is used to expand the electron density and total energy of a TM system in terms of weak sp pseudopotential, sp-d hybridization, and d-d tight-binding matrix elements. In a real-space formulation, the derived interatomic potentials become well-defined functionals of these matrix elements and all quantities may be evaluated directly from first principles without any external input. For an elemental bulk transition metal, the GPT provides a rigorous expansion of the total energy in the form 
͑1͒
where R 1 , . . . ,R N denotes the positions on the N ions in the metal, ⍀ is the atomic volume, and the prime on each sum over ion positions excludes all self-interaction terms where two indices are equal. The leading volume term in this expansion E vol as well as the two-, three-, and four-ion interatomic potentials v 2 , v 3 , and v 4 are volume dependent but structure independent quantities and thus transferable to all bulk ion configurations. At constant volume ⍀, the radialforce pair potential v 2 is a one-dimensional function of the ion-ion separation distance R i j ϭ͉R i ϪR j ͉: 4 ͑R i j ,R jk ,R kl ,R li ,R ki ,R l j ;⍀͒.
͑4͒
The nature of these functionals is complex and reflects the material-dependent electronic band structure of the metal including the effects of partial d-band filling and selfconsistent electron screening. Detailed expressions and calculated results for the 3d and 4d transition metals are given in Ref. 12 . As in the case of sp-bonded simple metals, where angular forces become unimportant, the sp pseudopotential contributions to the total energy are retained only to the pairpotential level, i.e., for E vol and v 2 . Thus the multi-ion potentials v 3 The transition-metal GPT formalism readily folds down into simpler forms in the special cases of completely empty or filled d bands encountered in pre-and post-transition metals. 10, 11 This includes the limiting simple-metal case appropriate to aluminum. In the transition-metal limit, selfconsistent electron-density constraints establish the balance between the sp-band occupation per atom or valence Z and the d-band occupation per atom Z d , resulting in partial d-band filling and the multi-ion d-state interactions. In the simple-metal limit, on the other hand, Z is fixed by the chemical valence of the element in question, Z d →0 or 10 as appropriate, and the sp-d hybridization and d-d tightbinding interactions become negligible. Any remaining d-state contributions are absorbed into the nonlocal pseudopotential, and the simple-metal GPT, which is carried to the level of v 2 in Eq. ͑1͒, becomes a refined version of the conventional plane-wave pseudopotential perturbation theory.
1
For transition-metal compounds and alloys, one may readily anticipate the broad features a multicomponent extension of the GPT must accommodate. We specifically consider an AB binary system with concentrations c A ϭN A /N of A metal atoms and c B ϭN B /N of B metal atoms and introduce the single concentration variable
From general considerations, one can expect that both the volume term and the interatomic potentials in Eq. ͑1͒ will become concentration dependent as well as volume dependent. Thus, for example,
in a binary intermetallic system, with ⍀ and x as independent variables. The appropriate multiplicity of interatomic potentials must also be accommodated, so that in general there are three independent two-ion pair potentials
four independent three-ion triplet potentials
and five independent four-ion quadruplet potentials BBBB in this case. Moreover, we may anticipate that for sufficiently small x the latter remaining multi-ion potentials will also be negligible and a good description of the system can be obtained at the pair-potential level without angular forces.
The prototype systems to which the present formalism applies are the transition-metal aluminides TM x Al 1Ϫx . The aluminides are both of technological interest as hightemperature structural materials with desirable mechanical properties and of basic scientific interest because of the complex phases these materials form and their intimate connection to quasicrystals. With regard to mechanical properties, LDA electronic-structure methods have been applied to B2 compounds to calculate the elastic moduli of CoAl ͑Ref. 13͒ and point-defect properties of FeAl and NiAl, 14 while empirical embedded-atom-method ͑EAM͒ potentials have been used for more general studies of defects in Ti-Al and Ni-Al compounds, including calculations of vacancies, grain boundaries, and dislocations. [15] [16] [17] With regard to complex phases, semiempirical pair potentials, based on model pseudopotential and hybridization interactions, have helped to explain the appearance of some of these phases in aluminum-rich systems, 2,3 while semiempirical tight-binding ͑TB͒ potentials have been used to study the structure of corresponding liquid alloys. 18 Unlike the EAM and TB potentials, however, the pair potentials contain the expected longranged oscillatory tails, which are really essential to account for the complex aluminide phases in the solid.
The semiempirical aluminide pair potentials 2, 3 are also qualitatively similar to the present GPT pair potentials and may be viewed as a highly simplified version of the latter. The former potentials were most completely developed by Phillips et al. 3 in the case of Co-Al for application to the aluminum-rich phase diagram. These potentials are based on a two-parameter local pseudopotential treatment of the sp interactions and a three-parameter model Hamiltonian treatment of the sp-d hybridization that neglects nonorthogonality effects. No attempt was made, however, to treat direct d-d interactions, the volume and concentration dependence of the potentials, nor self-consistent electron screening. In contrast, the present first-principles GPT explicitly includes the additional features of nonlocal pseudopotentials and di-rect d-d interactions, as well as full treatments of sp-d hybridization, self-consistent electron screening, and the volume and concentration dependence of the total energy. We expect, therefore, that a wide variety of aluminide properties can eventually be treated with the GPT, including defects, structural phase stability, lattice vibrations, melting, and liquid structure. More generally, the GPT pair potentials should be readily applicable to both static and dynamic simulations of materials properties.
The outline of this paper is as follows. In Sec. II we first establish the self-consistent electron-density constraints that must be satisfied by our AB intermetallic system and apply these conditions to the 3d aluminides. Next in Sec. III we outline the formalism for the GPT interatomic potentials and use this formalism to calculate 3d aluminide potentials as a function of atomic number, volume, and concentration. Then in Sec. IV we use the calculated potentials to address the basic cohesive and structural trends across the 3d series and thereby demonstrate the promise of the GPT for aluminide phase diagrams. We conclude in Sec. V, with additional technical details on the GPT formalism given in the Appendix.
II. SELF-CONSISTENT ELECTRON-DENSITY CONSTRAINTS
To extend the GPT formalism to binary intermetallics, one must first ensure that the basic conditions of electrondensity continuity are satisfied. For a given average atomic volume ⍀, the zeroth-order sp electron density of the system is Z/⍀, where Z is the concentration-weighted average 
which can also be expressed in the familiar form Zϭk F 3 ⍀/3 2 , where k F is the corresponding Fermi wave number, and
where Z a B is the atomic number and Z c B is the number of inner-core electrons of the B-metal ion. The Fermi energy ⑀ F and the phase shift ␦ 2 both depend on the intermetallic environment, so Z B and Z d B will be shifted away from their bulk values. For given values of ⍀, x and Z A , Eqs. ͑10͒-͑15͒ represent seven equations in seven unknowns and must be iterated numerically, via the A-and B-metal pseudoatoms, to achieve a self-consistent solution. An efficient strategy to accomplish this is discussed in the Appendix, together with technical details on how the pseudoatom calculation is modified in the binary intermetallic case. The primary modification concerns the common location of the zero of energy at the valence-band minimum, which becomes concentration dependent in the alloy. We also now use the very accurate exchange-correlation parametrization of Vosko et al. 19 in place of the Hedin-Lundqvist parametrization 20 used in Refs. 10-12.
Figures 1 and 2 illustrate the calculated changes in Z B and ⍀ B , respectively, for the 3d TM aluminides in going from the bulk transition-metal xϭ1 limit to the aluminum-rich dilute-alloy xϭ0 limit. These results have been obtained at the observed equilibrium volumes (⍀ϭ⍀ 0 ) of the 3d metals for xϭ1 and of Al for xϭ0. Quantitative values are listed in Table I and calculational details are discussed in the Appendix. In the bulk transition metals, Z B Ϸ1.5 across the 3d series. Bulk aluminum, on the other hand, with Z A ϭ3 has a considerably higher sp electron density than any of the transition metals. When a transition metal is added to aluminum, therefore, we expect Z B to rise and/or ⍀ B to decrease in order to create a higher density. As shown in Figs. 1 and 2, both of these changes actually occur at xϭ0, with the biggest quantitative impact on the left-hand side of the 3d series where Z B Ͼ2 for Sc through Mn and ⍀ B is dramatically reduced for Sc and Ti. More generally, the increase in Z B in the TM aluminides is balanced by a corresponding decrease in Z d B , which in turn is provided by the TM d bands rising in energy, broadening, and unfilling in the alloy.
While the volume ⍀ and concentration x are independent variables, there is, of course, a high correlation between x and the equilibrium volume ⍀ 0 observed in alloys and compounds. Approximate relations linking ⍀ 0 and x are often useful for preliminary calculations or in cases where data on particular phases do not exist. We mention here one such relation that is appropriate to the aluminides on the aluminum-rich end where x is small. This relation derives from Eq. ͑11͒ by making a simple Taylor-series expansion about xϭ0, noting that in typical cases d⍀ A /dxӶ⍀ A for small x, and then using Eq. ͑12͒:
where Z B 0 is Z B evaluated at xϭ0, Z A 0 ϭ3, and ⍀ A 0 ϭ112.0 a.u. ͑16.60 Å 3 ), the observed equilibrium volume of Al. Physically, this result is, apart from the replacement of Z B with Z B 0 , equivalent to the condition of constant electron density Z/⍀, as was suggested by Phillips et al. 3 as an appropriate criterion for Co-Al phases. Equation ͑16͒ can be applied more generally, however, and is sometimes useful in the range xϽ0.30.
Finally, it should be pointed out that while our description of the zeroth-order electron density in TM compounds and alloys is internally consistent, any definition of a transitionmetal valence Z B in a condensed-matter system is method dependent and consequently not entirely unique. In fact, this subject has historically been approached in a rather different way for many aluminum-rich TM aluminides. These systems have often been treated as classic Hume-Rothery alloys whose stability is presumed to arise from the interaction of a set of dominant Bragg reflection planes with a nearly-freeelectron Fermi surface. In this context, an effective transition-metal valence Z B eff can be defined, in our notation, as
where
2 is the number of valence electrons contained within a free-electron Fermi sphere of radius k F eff just touching the Bragg planes in question. Thus k F eff is equated to K/2, which is one-half the magnitude of the reciprocal lattice vector defining these planes. This approach has been developed by Raynor 21 and by others. It leads to the interesting prediction of negative values for Z B eff , typically in the range Ϫ1 to Ϫ3, and thus to the concept of a negative effective TM valence in these alloys. The apparent contradiction between such large and negative values of Z B eff and our large and positive values of Z B can be readily explained, however. For this one must take into account the important role of the TM d states on the electronic structure of these systems. This role has recently been discussed by Trambly de Laissardière et al. 8 on the basis of LDA calculations, which are, in fact, commensurate with our GPT treatment, as demonstrated in Sec. IV below. These studies confirm that there is a substantial contribution to the electronic structure from the TM d states and, in particular, near the Fermi level sp-d hybridization contributes to the formation of more complex pseudogaps in the density of states than envisaged in a simple Hume-Rothery model. This has the effect of blurring the meaning of Z eff in Eq. ͑17͒, so that there is no precise quantitative relationship between k F eff and K. Qualitatively at least, Friedel 22 
III. GPT INTERATOMIC POTENTIALS
The real-space total-energy functional of a general AB intermetallic system can be written
where by symmetry v 2 BA ϭv 2 AB in the two-ion contributions and the ellipsis represents three-and four-ion contributions that are generalized similarly. Here it is understood that R i j ϭ͉R i ͕␣͖ϪR j ͕␤͖͉, so that the sums over i and j are only over sites occupied by the atomic species ␣ and ␤, respectively. In this section we discuss the specific forms the volume term E vol and interatomic potentials v 2 ␣␤ , etc., assume when A is a simple metal and B is a transition metal. The volume term E vol is most readily expressed as a series of contributions that are explicitly linear or quadratic in the concentration variables c A and c B :
where all energies E 1 ␣ and E 2 ␣␤ , with ␣,␤ϭA or B, retain a volume dependence and an additional implicit concentration dependence and ␦E vol is a small residual contribution with a more complex concentration dependence. Each linear component E 1 ␣ may be further broken down into a large pseudoatom cohesive-energy contribution E coh pa,␣ , as introduced for the elemental metal in Ref. 12 , and a smaller band-structure contribution ␦E 1 ␣ :
For the simple-metal A component,
while for the transition-metal B component,
Here E fe ␣ is the free-electron energy of component ␣,
where ⑀ xc is the exchange and correlation energy of the freeelectron gas, 
with ␣ϭ␤ϭA in Eq. ͑26͒. Here the quantities
are plane-wave matrix elements of the self-consistently screened atomic pseudopotential for component ␣. 19 rather than that of Hedin and Lundqvist 20 as done previously. The quantities n scr ␣ and n oh ␣ are screening and orthogonalization-hole contributions to the electron density from component ␣. In real space, the orthogonalization-hole density n oh ␣ represents a depletion of electron density from the core region of each ␣ site. The corresponding effective valence Z ␣ * is defined to exactly compensate this depletion:
with ␣ϭA in Eqs. ͑25͒ and ͑26͒. Additional technical details concerning the above equations are given in the Appendix. The behavior of v 2 AA is illustrated in Fig. 3 for Co x Al 1Ϫx at various concentrations x. In each case the potential has been evaluated at either the observed or estimated equilibrium volume ⍀ 0 . At xϭ0, v 2 AA is the pair potential for pure elemental Al. This result displays the characteristic features of a repulsive shoulder at near-neighbor distances and an oscillatory structure beginning at intermediate distances, which become the usual Friedel oscillations at long range. For xϭ0.25, the potential is almost unchanged and this reflects the near constancy of the electron density Z/⍀ 0 for small x. Even for xϭ0.5 the potential is only modestly affected, with a slightly more repulsive shoulder and contracted oscillations reflecting a somewhat higher electron density. At xϭ1, however, the repulsive shoulder has developed into a clear local minimum in the potential and the oscillatory field has been pushed out to larger distances. This behavior is a direct consequence of the large atomic volume ⍀ A that Al is forced to assume in this limit, as was discussed above.
The AB pair potential between the simple-and transitionmetal components has the form v 2 AB ͑r;⍀,x͒ϭ 
The quantity h 11 B represents a direct sp-d hybridization interaction that is given in the Appendix. This contribution, plus the indirect hybridization contributions through n scr B and n oh B , have a large impact on the shape and magnitude of the pair potential v 2 AB . This is illustrated in Fig. 4 , where v 2 AB for Co x Al 1Ϫx is plotted at the same concentrations x as in Fig. 3 . The characteristic features of v 2 AB are a large attractive potential well near 4.5 a.u. ͑2.4 Å͒ and a long-range oscillatory structure that is in phase with but of larger magnitude than that of v 2 AA . The concentration dependence of v 2 AB is also very similar to that of v 2 AA , with very little effect on the potential for small x, but a deepening of the potential well and an expansion of the oscillatory field at xϭ1. 
where T i j is the energy dependent, 5ϫ5 d-state matrix that couples sites i and j, as defined in Eq. ͑90͒ of Ref. 12 . This component embodies a significant bonding contribution arising from the partially filled d bands and leads to a strongly attractive pair potential v 2 BB at short range, as illustrated in Fig. 5 BB with atomic number in the pure 3d transition metals is illustrated in Fig. 14 minides from Sc to Ni is illustrated in Fig. 8 
which is truncated at fourth order in the T i j . The behavior of v 3 BBB across the 3d series for the pure transition metals is illustrated in Fig. 18 
IV. TRENDS IN COHESION AND STRUCTURE
In this section we consider a few illustrative applications of the above GPT formalism to the problems of cohesion and structure in the 3d aluminides. Our primary intent here is to demonstrate the expected capabilities and promise of the theory in these areas. We plan to provide more extensive tests of the Co-Al and Ni-Al pair potentials elsewhere, where the structural phase diagrams of these materials will be considered in detail.
At the pair potential level, the present theory can provide reliable estimates of the cohesive properties of transitionmetal aluminides for concentrations xϽ0.30. We expect such calculations, in fact, to be similar in quality to full LDA electronic-structure results. At the same time, the simplified GPT total-energy functional ͑18͒ permits one to consider complex structures without difficulty, including the full relaxation of all internal coordinates. We illustrate these capabilities here by considering the cohesive properties of Al 9 Co 2 in its observed monoclinic phase with 22 atoms per primative unit cell and corresponding to xϭ0.1818. In Fig. 9 we have plotted the volume dependence of the cohesive energy, E coh ϭE tot /N both with and without relaxation of all atomic positions in the unit cell. Relaxation, which is accomplished through a conjugate-gradient method to be described elsewhere, lowers the energy by about 0.01-0.02 eV/atom near equilibrium. In calculating the pair-potential contributions to E coh in Eq. ͑18͒, we have dealt with the long-range Friedel . This procedure provides adequate convergence and a smooth volume dependence to E coh . The same procedure has also been used in all remaining calculations discussed below, except as noted.
The calculated equilibrium cohesive properties of Al 9 Co 2 are tabulated in Table II and compared with experiment [24] [25] [26] and also with previous LDA calculations obtained from the linear muffin-tin orbital ͑LMTO͒ method in the atomicsphere approximation ͑ASA͒ for the observed ͑unrelaxed͒ structure. 8 Listed are the cohesive energy E coh ; the heat of formation ⌬H, as calculated from E coh and the cohesive energies of Co and Al via the relation ⌬HϭE coh ϪxE coh Co Ϫ͑1Ϫx ͒E coh Al ; ͑38͒ the equilibrium atomic volume ⍀ eq ; and the bulk modulus B. The agreement between theory and experiment is good, and for the fully relaxed GPT calculations, the equilibrium volume is obtained to within about 5% of the observed value. The very close agreement obtained for the heat of formation ⌬H, on the other hand, may be somewhat fortuitous. This quantity depends significantly on the value of the transitionmetal cohesive energy E coh Co used for pure Co in Eq. ͑38͒. We have calculated this quantity at the pair-potential level, as done for the other contributions, but this leads to an overestimate of its magnitude. We expect that the net effect of the neglected multi-ion contributions would be to lower the magnitude of E coh Co and consequently raise the magnitude of ⌬H. This expectation is also consistent with the larger magnitude of ⌬H obtained in the LMTO-ASA calculations.
We have also examined the cohesive and structural trends across the 3d series in the special case of the transition-metal trialuminides Al 3 TM corresponding to xϭ0.25. These results are plotted in Figs. 10 and 11. Here we have considered five candidate structures: cubic L1 2 with four atoms per primative unit cell, tetragonal D0 22 with four atoms per cell and an ideal c/a ratio of 2.0, cubic D0 3 with four atoms per cell, cubic A 15 with eight atoms per cell, and orthorhombic D0 11 with 16 atoms per cell. Among these five structures, the predicted structural sequence across the 3d series is L1 2 →D0 22 →D0 11 and the lowest-energy structure in each case has been used to calculate the cohesive energy E coh in Fig. 10 . The predicted sequence of structures is generally commensurate with what is observed in Al 3 TM compounds: Al 3 Sc is L1 2 , Al 3 Ti and Al 3 V are D0 22 , although with nonideal c/a ratios, and Al 3 Ni is D0 11 . In the cases of Al 3 Cr and Al 3 Mn trialuminides do not form, while in the cases of Al 3 Fe and Al 3 Co more complex, nonstoichiometric structures are found near xϭ0.25. As will be shown elsewhere, D0 11 is indeed energetically competitive with these latter structures. The predicted cohesive energies show a more modest variation across the 3d series with values in the range 3.6-4.6 eV for all of the trialuminides. For the five systems where experimental heat-of-formation data exist, the inferred cohesive energies ͓via Eq. ͑38͒ with E coh Co replaced by E coh TM ] are all near 4.0 eV. The structural trends illustrated in Fig. 11 for the 3d trialuminides can be understood in terms of the contributions from the individual interatomic potentials. In particular, we have investigated in detail the subtle competition between the L1 2 and D0 22 structures for the early members of the two-ion potential contributions included in Fig. 11 and also the additional v 3 BBB three-ion contribution to the D0 22 -L1 2 energy difference for the first four 3d trialuminides, with c/aϭ2.0 for the D0 22 structure as above. At the pair potential level, it is seen that the transition-metal potential v 2 BB drives the calculated L1 2 →D0 22 trend shown in Fig. 11 , while v 2 AA has little effect and v 2 AB opposes the trend, favoring the L1 2 structure for all the trialuminides. The effect of the three-ion transition-metal potential v 3 BBB is to favor the D0 22 structure in Al 3 Ti and Al 3 V but the L1 2 structure in Al 3 Cr. The sum of all four calculated contributions is displayed in Fig. 13 3 Ti, but the magnitude of the L1 2 →D0 22 trend is apparently underestimated with the GPT potentials, so that additional, neglected multi-ion contributions may be of importance here as well.
Experimentally, both Al 3 Ti and Al 3 V are observed to form in a D0 22 structure with a higher than ideal c/a axial ratio near 2.23. This distortion is necessary, in fact, to make the D0 22 -L1 2 energy difference negative in the case of Al 3 Ti, as shown by the LDA calculations of Carlsson and Meschter. 4 The real-space explanation of a high c/a ratio in terms of the GPT interatomic potentials is a more subtle matter, however. The transition-metal potentials v 2 BB and v 3 BBB both favor this distortion, but v 2 AA and v 2 AB oppose it, and they do so to the extent that the observed D0 22 While the L1 2 →D0 22 trend in the early trialuminides is driven by transition-metal interactions through v 2 BB and v 3 BBB , it is the pair potential v 2 AB that is largely responsible for the overall trend of relatively close-packed L1 2 and D0 22 structures at the beginning of the 3d series and more openpacked structures such as D0 11 towards the end of the series. In particular, the appearance of the D0 11 structure is highly correlated with the movement of the first deep potential minimum in v 2 AB ͑see Fig. 8͒ from a position r min Ͼ1.7R WS for the first four members of the series to a position r min Ͻ1.7R WS for the last four members. This is quantified in Fig. 15 . As shown in that figure, the AB nearest neighbors for the ideal D0 22 structure are located at 1.81R WS while the nearest neighbors for the observed D0 11 structure are clustered near 1.6R WS . For convenience, the values of r min displayed in Fig. 15 potentials shown in Fig. 8 ; the values for the xϭ0.25 potentials should not be substantially different.
V. CONCLUSIONS
We have achieved in this paper a first-principles generalized pseudopotential theory of interatomic potentials for sp-d-bonded AB intermetallic compounds and alloys where A is a simple metal and B is a transition metal. The theory explicitly provides for an ab initio LDA treatment of the volume term E vol , the central-force pair potentials v 2 AA , v 2 AB , and v 2 BB , and the angular-force multi-ion potentials v 3 BBB and v 4 BBBB in the total-energy functional, including the full volume and concentration dependence of all quantities. Successful application of the formalism has been made to the aluminum-rich transition-metal aluminides where the volume term and pair potentials dominate the energetics. At the pairpotential level of description, the cohesive and structural properties are mostly well described for xϽ0.30, although some structural subtleties may require multi-ion contributions for a proper explanation, as appears to be the case with the distorted D0 22 structure occurring in the early trialuminides. More generally, we expect the present GPT pair potentials to be applicable to static and dynamic simulations of structural, thermodynamic, and mechanical properties of complex systems, both ordered and disordered. This includes nonstoichiometric solid phases with 100 or more atoms and 10% or more vacancies in the unit cell, as occur in the Co-Al phase diagram. We shall explicitly treat such phases elsewhere.
Further extensions of the present GPT formalism are also possible. One implicit extension, which is already treated by our computer codes but has not been discussed here, is to the case where the B component is either a series-end transition metal ͑e.g., Ca or Zn͒, with an empty or filled d band, or another simple metal ͑e.g., Mg͒. Such systems can be well treated at the pair-potential level for all concentrations x. More difficult extensions are to high-concentration transition-metal aluminides and to d-bonded systems where the A component is also a transition metal. In general, such systems will require a direct account of the additional v 3 AAB , v 3 ABB , etc. multi-ion interactions, which have not been been treated here. With regard to the aluminides, important special cases include TiAl, NiAl, and Ni 3 Al. In some of these systems, it may be possible to fold down the multi-ion interactions into effective pair contributions that can be added to v 2 AB and v 2 BB . 
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APPENDIX
In this appendix we elaborate additional technical details about the GPT formalism for binary intermetallic systems. We begin with the A-and B-component zeroth-order pseudoatoms and the determination of the zero-of-energy constant V 0 Ј , which couples the two pseudoatoms. The construction of the ␣-component pseudoatom and the selfconsistent potential v pa ␣ and related quantities defining it are formally the same as for the pure metal. In particular, Eqs. in which the dependence on V 0 Ј is removed from ͗0͉w pa ␣ ͉0͘.
The simple-metal A pseudoatom is coupled to the transition-metal B pseudoatom only indirectly through its volume ⍀ A and does not otherwise depend on the zero-ofenergy constant V 0 Ј . The B pseudoatom, on the other hand, is coupled to the A pseudoatom through both its volume ⍀ B and its valence Z B , which depend directly on V 0 Ј . The latter dependence comes through Eqs. ͑13͒-͑15͒ via the phase shift 
